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Semiconductor devices based on III-V materials have been the focus of 
intense research due to their superior electron mobility and favorable energy 
direct bandgap which are applicable in infrared wavelength range 
optoelectronics and high speed electronic systems. The thesis presented here 
consists of two thrusts; the first focusing on infrared applications, and the 
second focusing on InP-based heterojunction bipolar transistors (HBTs). In 
the first thrust, we investigate type-II InAs/GaSb superlattice IR detector 
devices and the effect of substrate orientation on InSb and InAs nanostructure 
morphology. In the second thrust, we study InP-based high frequency HBTs. 
A low resistance InAs ohmic contact is demonstrated, and we presented along 
with a study of the crystalline qualities in GaAs0.5Sb0.5 films grown on tilted- 





Chapter 2 presents fabrication and characterization of two type-II 
superlattice structures with 15 monolayer (ML) InAs/12ML GaSb and 17ML 
InAs/7ML GaSb grown on GaSb (100) substrates by solid-source molecular 
beam epitaxy (MBE). The X-ray diffraction (XRD) measurements of both the 
15ML InAs/12ML GaSb and 17MLInAs/7ML GaSb superlattices indicated 
excellent material and interface qualities. The cutoff wavelengths of 15ML 
InAs/12ML GaSb and 17ML InAs/7ML GaSb superlattices photodetectors 
were measured to be 6.6m and 10.2m, respectively. These different spectral 
ranges were achieved by growing alternating layers of varying thicknesses 
which allowed for bandgap engineering of the superlattices of InAs and GaSb. 
Lastly, a mid-IR type-II superlattice photodiode was demonstrated at 80K 
with a cutoff wavelength at 6.6µm. The device exhibited a near background 
limited performance (BLIP) detectivity at 80K and higher temperature 
operation up to 280K.  
In Chapter 3, we show that the (411) orientation, though not a naturally 
occurring surface, is a favorable orientation to develop a buffer layer into a 
super flat surface at a certain high growth temperature. The (411) surface is a 
combination of localized (311) and (511) surfaces but at a high growth 
temperature, adatoms can obtain enough energy to overcome the energy 





(411) surface with potential minima. This results in a super flat surface which 
is promising for high-density nanostructure growth. In this work, this is the 
first time that the highest InSb and InAs nanostructures density can be 
achieved on the (411) surface which is in comparison with the (100), (311), 
and (511) surfaces.  
Chapter 4 of this thesis addresses the use of an InAs layer as a low-
resistance ohmic contact to InP-based heterostructure devices. Selective area 
crystal growth of InAs on a dielectric (Benzocyclobutene, BCB polymer) 
covered InP (100) substrate and direct growth of InAs on InP substrate were 
performed by MBE. Heavy doping of InAs using Te was carried out to 
determine the lowest sheet resistance. Based on scanning electron microscope 
(SEM) and XRD measurements, increasing substrate temperature from 210 
 to 350 , led to an improvement in crystallinity from a polycrystalline 
layer to a single crystal layer with a corresponding improvement of surface 
morphology. Moreover, a narrow X-ray diffraction peak indicated full-
relaxation of the inherent 3.3% lattice-mismatch in InAs/InP layers. 
Furthermore, around 290 	a	tradeoff	was reached between crystallinity and 
optimized dopant incorporation of Te into InAs for the lowest sheet resistance.  
Lastly, Chapter 5 discusses the effect of substrate tilting on the material 





substrate. InP(100) substrates tilted 0°off-(on-axis), 2°off-, 3°off-, and 4°off-
axis  were used for MBE growth; then the material qualities of GaAsSb 
epitaxial layers were compared using various techniques, including high 
resolution XRD, photoluminescence (PL) and transmission-line 
measurements (TLM). Substrate tilting improved the crystalline quality of the 
GaAsSb alloys, as shown by a narrower XRD linewidth and enhanced optical 
quality as evidenced by a strong PL peak. The results of TLM show that the 
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1.1 III-V Compound Materials and 
Molecular Beam Epitaxy 
III-V compound materials 
III-V compound semiconductors have drawn a lot of attention due to 
their high mobility and their range of material and bandgap choices. As an 
example, GaAs heterojunction bipolar transistors (HBTs) and high-electron-
mobility transistors (HEMTs) technologies have already achieved electron 
transit frequencies (ft) of over 100GHz and 660GHz with 20nm gate length, 





integrated circuit form (monolithic microwave integrated circuit (MMIC)) 
with operation speeds up to 40 Gbps [2]. Recently, other III-V technologies, 
such as InP-based HBTs have been shown to offer better performance 
compared with GaAs HBTs as demonstrated by higher circuit speeds and 
lower DC power consumption; these properties are due to the narrower 
bandgap and higher electron mobility of GaInAs relative to GaAs [4-7].  
 
Figure 1.1: Properties of the most commonly used elemental and binary semiconductors 
versus their lattice constants at 300 K. Adapted from reference [8]. 
 
Figure 1.1 shows the most commonly used elemental and compound 
semiconductor lattice constants and energy gaps. The bandgap and lattice 
constant of a compound semiconductor can be tuned by controlling the 





compound. In Fig. 1.1, there is a straight line connecting GaAs and InAs. 
In0.53Ga0.47As, a ternary compound semiconductor comprising three elements, 
is at a point on the line exhibiting a matched lattice constant with InP and a 
bandgap energy between that of GaAs and InAs. Molecular Beam Epitaxy 
technology can be used to precisely control the composition of such 
compounds to tailor electronic and optical properties with much more 
freedom than in the case of elemental semiconductors such as silicon. 
Molecular Beam Epitaxy [9] 
Molecular Beam Epitaxy (MBE) is a precisely controlled evaporation 
process, which is carried out in a stainless-steel ultrahigh vacuum (UHV) 
chamber with a base pressure in the 10-10-10-11 torr range to minimize the 
incorporation of impurities. To maintain the growth chamber in UHV, a 
loadlock and a buffer chamber are usually connected to growth chamber. This 
very versatile thin-film growth technique was pioneered by Cho and Arthur 
in the late 1960s [10]. Figure 1.2 is a schematic drawing of an MBE system. 
The MBE process is conceptually described as follows. A flux of energetic 
atoms is directed towards a heated substrate. Arriving atoms stick on the 
heated substrate, and they gain thermal energy to move on the surface to a 






Figure1.2: Schematic drawing of an MBE system [11]. 
 
In MBE, the substrate temperature is relatively low compared to vapor 
phase deposition techniques such as Metalorganic Chemical Vapor 
Deposition (MOCVD). Constituent elements and n-type and p-type dopant 
atoms are evaporated from separate crucibles or effusion cells, which are 
heated to high temperatures in order to create high vapor pressures. The flux 
from each effusion cell is regulated by a dedicated shutter. As an example, 
when growing GaAs, the shutters for the gallium and arsenic cells are opened. 
When growing AlxGa1-xAs, the aluminum shutter is opened in addition to the 





second and the shutter actuation time is less than 0.1 second, an abrupt 
interface can be achieved: a unique capability of MBE over other thin-film 
deposition techniques [9]. 
 
Figure 1.3: Schematic cross sectional view of atomic arrangement of GaAs. Various 
planes are highlighted by dash lines.  
 
MBE growth occurs predominantly through two-dimensional 
nucleation and step propagation, and the well-established step-terrace-kink 
growth mechanism can be used to sufficiently describe the crystal growth 
process [12, 13]. The surface energy of a substrate is dependent on the 
bonding of the top layer atoms (Figure 1.3), and the energy will affect the flux 





atoms impinge on the surface and subsequently migrate until they contact 
other atoms. Together they form flat, two-dimensional islands which grow in 
size by incorporating additional atoms. The two-dimensional islands grow to 
ultimately form a complete layer. New islands nucleate on this layer, and the 
whole cycle repeats itself. However, at relatively low temperatures, atoms are 
not sufficiently mobile and they are incorporated at random positions, leading 
to the formation of a rough film surface [12]. If the crystal surface is inclined 
with respect to the lattice planes (ex: (100) plane), atomic steps are created as 
shown in Fig. 1.4. Impinging atoms attach to the steps rather than forming 
islands, causing the steps to move when growth proceeds.  
 






MBE technology, having low growth rate (~ 1 monolayer per second) 
and providing the In-situ control of crystal growth at the atomic level with 
reflection high-energy electron diffraction (RHEED) [14], promises smooth 
growth surface with steps of atomic height and large flat terraces, precise 
control of surface composition and morphology, and abrupt variation of 
chemical composition at interfaces [15-19]. Hence, MBE is widely used in 
research and industry to make semiconductor devices and structures due to its 
capability for growing crystalline thin films in ultrahigh vacuum with precise 
control of thickness, composition and morphology [20]. As will be described 
in the next sections, this thesis presents a body of work in which, MBE is 
utilized to study InAs/GaSb superlattice photodetectors, InAs and InSb 
nanostructures for infrared applications, and low ohmic contact and GaAsSb 
layer quality of an InP-based transistor.   
 
1.2 Background and Motivation 






Infrared Sensing Applications 
Detectors that operate in the infrared regime are a necessary enabler for 
current technologies in the areas of military applications, telecommunications, 
space exploration, and medical or biological purposes [21, 22]. Due to the 
transmission windows of the natural atmosphere for infrared frequency light, 
infrared can be quite useful in scanning terrains [23] and in transmitting data 
into space, as is one such aim for NASA’s Roadmap [24]. Thus, this is an area 
of great need for stable and high-resolution IR detectors. There are three major 
transparent windows in the atmosphere. The first window is the spectral 
region visible to human eyes. The second one is in the mid-infrared from 3 
μm to 5 μm. The third one lies in the long wavelength infrared range between 
8 μm and 12 μm. Fig. 1.5 shows the dependence of atmospheric transmittance 
on wavelength [25].  The mid- and long- infrared windows can be used to see 
beyond the capabilities of normal human vision. This characteristic is 
preferable for applications in areas such as defense, transportation, and 
surveillance.  
For chemical sensing applications, many biological molecules and 
gases have distinctive absorption lines associated with transitions between 





range between 2 μm and 5 μm as shown in Figure 1.6. This mid-infrared 
spectrum offers sensitive and precise detection in various applications such 
as chemical gas detection, remote trace gas analysis, and blood glucose 
sensing [26, 27]. Also, a blackbody at 300K, approximately room 
temperature, has its emission peak at about 10 μm; this is in the middle of 
the long wavelength infrared window range. The mid-infrared window 
between3-5 μm corresponds to blackbody emission of hotter objects. 
Therefore, infrared photodetectors have the potential to be used in the 
ambient environment for fire detection.  Infrared sensing applications are 
expected to play a significant role in military, health, chemical sensing, 
space, and modern astronomy telescopes [28].  
In this thesis, type-II superlattice photodetectors will be the focus of 
Chapter 2 and the effects of different orientation substrate on InSb and InAs 











Figure 1.6: Absorption intensity of several major gas molecules extracted from the 






The history of photon detectors can be traced back to 1873 when 
Smith first discovered the photoconductivity effect in selenium [29]. After 
1900, the development of quantum theory provided solid background for the 
investigation of quantum devices for photon detection in the following 
decades. The first infrared photoconductor was reported by Case in 1917 
[30]. By the end of the 1930s, the development of photon detectors had 
exceeded thermal detectors and dominated the development of infrared 
detectors. During World War II, lead salts became the major material for 
photoconductors including PbS, PbSe and PbTe. In the 1950s, with the 
availability of advanced growth and processing technologies for narrow 
bandgap semiconductors, InSb was the first III-V semiconductor explored 
for the purpose of an infrared photodetector. In 1959, Lawson and his co-
workers reported both photoconductive and photovoltaic responses of 
HgCdTe (mercury cadmium telluride, MCT) in the spectral range up to 12 
μm [31].  CdTe is a semiconductor with a bandgap of 1.5 eV  as shown in 
Figure 1.6, and the ratio of Cd to Hg can be chosen to engineer the MCT’s 
bandgap to the desired wavelength from near IR (0.75-1.4 µm) to long 
wavelength IR (8-15 µm) regions. By the end of the 1970s, InSb and 
HgCdTe photoconductors had become the dominant technology for infrared 





for infrared detection in a variety of applications. However, MCT, a narrow 
bandgap II-VI material has intrinsic difficulties in fabricating high-
performance semiconductor devices. For instance, this material suffers from 
drawbacks such as a high Auger recombination coefficient [32, 33], an 
inferior uniformity over a relatively larger wafer area, and a low yield [34]. 
Figure 1.7 shows the MCT and InSb bandgap energy and wavelength as a 
function of composition and lattice constant. 
 
  
Figure 1.7: Narrower bandgap materials and MCT tunable bandgap and wavelength as a 







In the 1970s, the achievements of MBE and MOCVD was the growth 
of semiconductor epitaxial layers with precise control of composition, doping 
and thickness.  Such tools allowed modern semiconductor device structures 
such as superlattices, quantum well lasers and photodetectors to become 
practical. In 1980 and 1989, type-II InAs/GaSb and InAs/InGaSb superlattices, 
which have bandgaps that do not overlap (as shown in Figure 1.8), were 
proposed for infrared detector applications, respectively [35,36]. An 
InAs/(In)GaSb type-II superlattice exhibits its advantages over the traditional 
HgCdTe for  infrared  detection  such as higher  bandgap  uniformity,  larger  
carrier  mobility,  and easily tunable cutoff wavelengths in a wide spectral 
range from 3 to 30 μm. Also, in a superlattice structure, where two different 
III-V compounds are alternatingly stacked in periodic very thin layers, a new 
bandgap is formed by the thickness of the two binary compound layers. The 
bandgap can then be tuned by controlling the layer thickness instead of the 
compound composition. This simplifies the complexity of the required 
fabrication process, which is an advantage for fabrication technology. The 
InAs/(In)GaSb type-II superlattice is one of the most promising replacements 






Recently, high performance focal plane arrays (FPAs) have been 
reported for wavelengths ranging from the mid-infrared (MWIR) regime to 
the long wavelength infrared regimes as well as MWIR/MWIR dual spectral 
FPAs [39, 40]. With spectral tunability and considerable progress made in 
recent years, the type-II InAs/GaSb superlattice is becoming the most 
desirable candidate to replace the conventional HgCdTe (MCT) material for 
the third-generation of multi-spectral infrared detecting systems [39]. Hence, 
for infrared applications, type-II superlattice photodetectors will be discussed 
in Chapter 2.  
 
Figure 1.8: (a) Band lineups in InAs, GaSb and AlSb. Colored rectangles represent the 









Low-dimensional narrow-bandgap III-V materials 
 
Narrower bandgap III-V compounds such as InAs and InSb have been 
demonstrated to emit in the infrared wavelength range. For IR applications, 
besides IR photodetectors, self-assembled quantum dots have attracted 
considerable attention in recent years. In particular, these materials have 
been proposed for use in optoelectronic devices and single-electron devices 
[41-44]. InSb and InAs quantum structures are appealing candidates for high 
performance mid-infrared nano-photonic devices given the narrow band gap 
as shown in Fig. 1.7 [45-49]. However, controlling quantum dot size and 
density are still open research problems. Size and density play a big role in 
the absorption coefficient of photodetectors and emission efficiency of lasers 
[39, 50]. The author will study InSb and InAs nanostructures as an extension 
of photodetector in Chapter 3.  
 
1.2.2 InP-based Transistor Applications 
InP-based high frequency transistor 
A multi-material bipolar junction transistor (BJT) was described in 





proposed wide bandgap materials as emitters for bipolar transistors in 1957 
[17]. Early HBTs were primarily based on GaAs. As an alternative, indium 
phosphide HBTs were first investigated in the early 1980s for their potential 
as optoelectronic communication devices due to their high speed and lower 
turn-on voltage compared with GaAs HBTs. However, a demonstration of an 
indium phosphide HBT integrated circuit was not reported until 1989, by a 
group at Rockwell Science Center in Thousand Oaks, Calif. [4, 5]. Compared 
with InP field effect transistors (FETs), HBTs are better suited to high 
frequency operation because they have a higher transconductance per unit 
length, their current driving capabilities are better, and their fabrication is 
simpler. Because electrons move much faster than holes, high speed bipolar 
transistors are usually created in n-p-n structures where electrons diffuse 
through the base and drift through the collector [4]. Figure 1.9 shows the basic 
structure of two types of InP-based transistors, namely, single heterojunction 







Figure 1.9: InP single and double heterojunction bipolar transistors (SHBTs and DHBTs, 
respectively) with Ga 0.47In 0.53As and Al 0.48In 0.52As. Adapted from reference [4]. 
 
The InP-based HBT has several advantages over HBTs based on other 
semiconductors. First, the bandgap of the GaInAs, being narrower than that 
of silicon and GaAs, produces indium phosphide HBTs that have a very low 
turn on voltage [4]. Second, Rodwell et al. have demonstrated indium 
phosphide HBTs with a transit frequency, ft, of over 500 GHz, and a 
maximum frequency of oscillation, fmax, of over 1 THz [52]. Besides their high 
speed characteristics, InP-based technologies are attractive for fiber-optics 
communication applications because they can be monolithically integrated on 
the same substrate as narrow band gap InGaAs photodiodes, which are 
compatible with the detection of 1.30 to 1.55 um long-wavelength light [53]. 
Figure 1.10 shows an InP-based HBT and InGaAs photodetector which can 





The second part of this thesis is focused on studying the improvement 
of InP HBT transistors, including a low resistance ohmic contact study and an 
investigation of GaAsSb material quality improvement by varying substrate 
crystal orientation. 
InAs Ohmic contact 
 
For high speed HBT operation, a low resistance ohmic contact is an 
important factor towards achieving THz speeds [55]. Woodall et al. studied 
the use of InAs for the emitter contact layer in GaAs-based devices. In 
Woodall’s paper [56], the author utilizes the fact that Fermi level pinning 
occurs at or in the conduction band on InAs surfaces leading to a low contact 
resistance as shown in Fig. 1.11. Following the publication of Woodall’s 
report, the use of n-InAs as an ohmic contact layer in InP-based transistors 
has gained intensive attention [57-59]. However, most studies focus on Si- 
doped InAs and other alternative contact metals to achieve a low resistance 
[57, 60, 61]. In Chapter 4 of this thesis, the author investigates Te-doped InAs 







Figure1.10: Lattice constant as function of bandgap energy for the most common III-V 










GaAsSb on InP by MBE 
GaInAs/InP DHBTs have lower turn-on voltages than GaAs HBTs and 
have a better breakdown voltage than SHBT due to their favorable bandgap 
offset. However the GaInAs and InP interface presents a blocking conduction 
band offset as shown in Fig. 1.12 (a). Although the blocking effects can be 
alleviated by grading the collector/base junction alloy composition [62], for 
which various schemes have been developed (binary superlattice grading; or 
analog compositional grading), composition grading schemes are all sensitive 
to the exact details of the grading process [63]. 
 
Figure 1.12: (a) InGaAs/InP DHBT band diagram (b) InP/GaAsSb DHBT band diagram. 
Adapted from reference [54]. 
 
The InP/GaAsSb/InP DHBT was proposed as an improvement to the 





diagram of InP/GaAsSb/InP DHBT, which eliminates the collector blocking 
effect. However, there is an issue with GaAsSb alloys, composed 
approximately of 50% As and 50% Sb, lattice-matched to an InP substrate due 
to large lattice constant difference in GaAs and GaSb; they exhibit a 
temperature-dependent miscibility gap, meaning that the GaAs and GaSb 
solid solution is unable to mix together. That presents a significant problem 
for crystal growth. Only non-equilibrium techniques such as MOCVD and 
MBE have successfully grown GaAsxSb1-x layers over the entire range of x 
values. Previously, when GaAsSb was used as the base of HBTs on InP 
substrates, it was noted that the films were almost exclusively grown by 
MOCVD. MBE is expected to offer advantages due to being farther away 
from equilibrium growth than MOCVD. In Chapter 5, the effect of substrate 
tilting on the material properties of GaAsSb alloys closely lattice-matched to 
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Type-II InAs/GaSb superlattices 
grown by molecular beam epitaxy 
for infrared detector applications 
 
2.1 Introduction 
A superlattice (SL) is an artificial one-dimensional periodic structure 
comprised of alternating layers of different materials with a period of about 
100Å. The heterojunction between InAs and GaSb has a broken band 
alignment shown in Figure 2.1 (a). The conduction band of InAs overlaps with 
the valence band of GaSb. Type-II InAs/GaSb SLs were first proposed by 





applied these types of SLs to broader infrared detection applications [1, 2]. 
The bandgap offset and superlattice band diagram of Type-II InAs/GaSb SL 
are presented in Fig. 2.1 [3]. It is important to note that such superlattices were 
not improved to the level necessary for practical IR detector applications until 
high quality material growth became practical in recent years by advanced 
molecular beam epitaxy (MBE) technologies [4-7]. Type II broken-gap band 
alignment between InAs and GaSb allows for tuning of the SL band gap, 
which can be range from 3-30µm. Razeghi et al. and Brown et al. 
demonstrated that energy bandgaps can be engineered by tuning the thickness 
of the InAs layer [8, 9].  
 
(a) 
Figure 2.1: (a) Band lineups in InAs, GaSb and AlSb. Colored rectangles represent the 







Figure 2.1: (b) Band edge diagram illustrating the confined electron and hole minibands 
that form the energy bandgap.  
 
Figure 2.2: (a) Experimental data of type-II SL cutoff wavelength changes with the InAs 






Figure 2.2: (b) Change in cut-off wavelength with change in one SL parameter: InAs layer 
width [8, 9]. 
Figure 2.2 (a) shows the variation of cutoff wavelengths with respect to 
InAs thickness as well as a change in cut-off wavelength with different InAs 
layer widths in Figure 2.2 (b). The type-II superlattice has recently been 
substantially improved and has proven itself to be a practical alternative to 
state-of-the-art mercury cadmium telluride, HgCdTe (MCT) technology. 
Type-II superlattice structures have demonstrated their flexibility in 
controlling the electronic band structure in addition to creating sophisticated 
heterostructure designs; this has made it possible to achieve performance 
levels comparable to that of MCT [10, 11]. Furthermore, significantly 





efficiency [12, 13].  Compared with MCTs used in traditional detectors, the 
InAs/GaSb type-II superlattice (SL) has several important advantages 
including larger effective masses of electrons and holes, leading to significant 
suppression of  tunneling leakage currents and Auger recombination [14, 15],  
and excellent SL bandgap uniformity over a relatively larger wafer area [4].   
Moreover, the effective energy bandgap is tunable by controlling the thickness 
of InAs and GaSb layers over the mid to long infrared spectral wavelength 
range (3μm-30μm). Unlike the conventional photodetector, type-II SL 
photodetectors have tunable bandgaps that can be manipulated by changing 
either InAs or GaSb layer thickness; this is desirable for industry fabrication 
compared with MCT as there have been difficulties in fabricating high 
performance MCTs due to compositional inaccuracies causing variations of 
the band gap.   
Recently, intensive studies have focused on the performance of 
photodetectors and the development of multi-spectral focal plane arrays 
(FPAs) for infrared imaging [16]. FPAs are an imaging system with an 
assemblage of individual detector picture elements (“pixels”) located at the 
focal plane [17]. High performance FPAs have been reported for wavelengths 
ranging from the mid-wavelength infrared (MWIR) to the long-wavelength 





been demonstrated [17, 19-21]. With spectral tunability and recently reported 
performance improvements, the type-II InAs/GaSb superlattice has become 
comparable to the MCT material for the third-generation-multi-spectral 
infrared detecting systems [22]. Figure 2.3 shows schematic figures of three 
generations of IR systems. The 1st generation is a scanning system which 
developed into the 2nd generation system when cameras were developed and 
fitted with a hybrid HgCdTe or InSb /Si (FPAs/readout integrated circuit) 
system. 
 
Figure. 2.3: History of the development of infrared systems [17]. 
For type-II InAs/GaSb superlattice detectors, Wei et al. reported that a 
17 ML InAs/7ML GaSb superlattice photodetector had a 50% cutoff 
wavelength of 18.8 µm [23]. In this work, we conducted further research and 





achievable value for type-II InAs/GaSb superlattice IR detectors with high 
detectivities at various spectral ranges. Two type-II superlattice structures 
with 15 monolayer (ML) InAs/12ML GaSb and 17ML InAs/7ML GaSb were 
grown on GaSb (100) substrates by solid-source MBE. The results presented 
later indicate the cutoff wavelength can be engineered by controlling the InAs 
and GaSb thicknesses.  
2.2 Experiments 
Two photodiode structures with 17ML InAs/7ML GaSb and 15 ML 
InAs/12ML GaSb superlattices were grown by MBE on GaSb (100) substrates. 
The two superlattices were selected with similar period thicknesses in order 
to have similar device processing procedures. All the type-II superlattice 
samples were grown in a Varian Gen-II solid-source MBE system equipped 
with As and Sb crackers. The growth temperature was kept at 395˚C. The 
III/V ratios and shutter sequences were optimized in order to achieve good 
material quality and smooth surface morphology. During the crystal growth 
of the superlattice, it was observed that saturating the growing surface with 
Sb flux, which created an InSb-like InAs/GaSb heterointerface, was critical 





The superlattice photodiode structure comprises a p-i-n structure, a 
1000 nm GaSb buffer layer, a contact layer doped with Be (p~21018 cm-3), 
and a 250 Å InAs:Te (n~41018 cm-3) layer for the top contact. A 70-period 
Be-doped (p~81017 cm-3) InAs/GaSb superlattice layer was grown on a Be-
doped contact layer. The 100-period undoped superlattice was grown and 
acted as the intrinsic layer in the p-i-n structure, and finally, a 50-period Te-
doped (n~11018 cm-3) superlattice was grown and capped with a 250 Å 
InAs:Te layer for the top contact. Table 2.1 shows the structure of the type-II 
InAs/GaSb superlattice grown by MBE. 
 
Table 2.1: Superlattice structure of the type-II InAs/GaAs photodetector. 
 
Photodetectors as shown in Figure 2.4 were fabricated based on the p-i-n 
superlattice structure described above using wet chemical etching and a 
standard photolithographic process.  The device mesa was defined by etching 
down to the GaSb buffer layer using a tartaric/phosphoric acid-based solution. 
Au/Ti layers were evaporated on top of the mesas and on the buffer layer and 





rectangular shape (350 μm×270 μm) with a window (220 μm×270 μm) on top 
of it.  No passivation or anti-reflection dielectric coatings were applied to the 
p-i-n detectors.  
 
Figure 2.4: Device structure of the type-II InAs/GaSb superlattice photodetector. 
 
Low temperature current-voltage (I-V) characteristics were measured 
using a HP4145B semiconductor parameter analyzer and an MMR cryogenic 
system. Absolute spectral responsivity measurements were performed using a 
Bomem DA8 Fourier Transform Infrared spectrometer (FTIR) with a KBr 
beam splitter, a blackbody source maintained at 1000K, and an Ithaco1211 
current preamplifier. The measured spectra were background corrected for the 







2.3 Results and discussion 
The structural characteristics of the superlattices were evaluated using 
a five-crystal high resolution X-ray diffractometer. Fig. 2.5 (a) and (b) shows 
the typical diffraction patterns of the as-grown samples with 17ML InAs/7ML 
GaSb and 15 ML InAs/12ML GaSb superlattices in the vicinity of the GaSb 
(400) reflections, respectively. The overlap of the SL-0 peak and the GaSb 
substrate peak indicates very small lattice mismatch between the superlattice 
and substrate. The SLs had a single period thicknesses of 72 Å and 80 Å as 
determined from the average spacing of the satellite peaks in Fig. 2.5 (a) and 
(b), respectively.  The lattice mismatches to the substrate of both superlattices 
were kept in the order of 10-4 for both samples. The diffraction patterns 
revealed intense and well-resolved satellite peaks demonstrating excellent 
structural quality. The full-width at half-maximum (FWHM) of the zeroth-
order superlattice peak for the fabricated structures were measured to be 20 
arcsec and 22 arcsec for samples with 17ML InAs/7ML GaSb and 15ML 
InAs/12ML GaSb superlattices, respectively; these are among the best results 






                                                             (a)                
 
 
                        (b) 
 
Figure 2.5: High-resolution x-ray diffraction patterns of InAs/GaGb superlattice 
photodetector structures grown on GaSb (100) substrate, (a) 17ML InAs/7ML GaSb 
superlattice (b) 15ML InAs/12ML GaSb superlattice. FWHMs of the zeroth-order 






Figure 2.6: The responsivity spectra of the superlattice photodetectors at 80K under zero 
bias. The 50% cutoff wavelengths at 80K of the photodiodes with 15ML InAs/12ML GaSb 
(dash) and 17ML InAs/7ML GaSb (solid) superlattices were measured to be 6.6 µm and 
10.2µm, respectively. 
 
Fig. 2.6 shows the spectral photoresponse curve of the two superlattice 
photodiodes. The measurements were performed at 80K under zero bias 
voltage with the photodiodes illuminated from the front side at normal 
incidence. As shown in the figure, the photodiode with 17ML InAs/7ML 
GaSb superlattice has spectral response well extended into the 8-12μm 
atmosphere transparent window. The 50% cutoff wavelength of this 
photodiode was at 10.2μm. The photodiode with 15ML InAs/12ML GaSb 





The 50% cutoff wavelength of this device was at 6.6μm. The 15ML 
InAs/12ML GaSb superlattice showed shorter cutoff wavelength because the 
thinner InAs layer provided larger quantum confinement energy for electrons. 
On the other hand, the thickness of GaSb layer influenced the width of the 
conduction band, and played an opposite role to that of InAs layer in effecting 
the superlattice band gap [25].  At 80K, a responsivity of 1.8A/W was obtained 
at the wavelength of 9.0m for the photodiode with 17ML InAs/7ML GaSb 
superlattice, which represented an external quantum efficiency of 25%. For 
the photodiode with shorter cutoff wavelength, the responsivity at 6.0 μm was 
measured to be 1.3A/W, corresponding to an external quantum efficiency of 
27%.  
Fig. 2.7 shows the I-V characteristics of the photodiodes at 80K under 
dark conditions. As illustrated in the figure, the photodiodes with 15ML 
InAs/12ML GaSb superlattice showed a lower dark current under reversed 
bias voltages, resulting from the larger bandgap of this superlattice.  At a 
reverse bias voltage of 0.20V, the dark current density of the photodiode with 
15ML InAs/12ML GaSb superlattice was 4.6 mA/cm2, which is more than 
two orders of magnitude lower than that of the 17ML InAs/7ML GaSb 







Figure 2.7: Dark current densities at 80K of the unpassivated photodiodes with superlattice 
structures of 15ML InAs/12ML GaSb and 17ML InAs/7ML GaSb.  
 
The Johnson-noise-limited detectivity (D*) for the type-II InAs/GaSb 
superlattice photodiodes at a specific temperature can be evaluated, given the 
zero bias resistance area product R0A and spectral photoresponsivity R(λ) [26].  
   
Here, k is the Boltzmann constant and T is the operation temperature in Kelvin. 
The zero-bias resistance area product R0A can be obtained from the slope of 
the I-V characteristic near zero bias. Making use of the zero-bias 
photoresponsivity R(λ) and the R0A for the two photodiodes at 80K, the 
Johnson-noise-limited detectivities of the two photodetectors are plotted in 





80K for the photodiode with 15ML InAs/12ML GaSb superlattice.  This 
detectivity was on the same order of magnitude as the background limited 
performance (BLIP) of an ideal photovoltaic detector at this wavelength, 
which is 31011 cmHz1/2/W (Figure 2.8). For the photodiode with 17ML 
InAs/7ML GaSb superlattice, a Johnson-noise-limited detectivity of 2.2 1010 
cmHz1/2/W was achieved at 9 μm and 80K. Based on Fig. 2.9, two type-II 
photodetectors have detectivities comparable to the commercial 
photodetectors in the mid and long wavelength infrared spectral range. 
 
 
Figure 2.8: Johnson-noise-limited detectivities as a function of wavelength at 80 K and 
zero bias for the two photodiodes with superlattice structures of 15ML InAs/12ML GaSb 







Figure 2.9: Detectivity of photodetector (Courtesy of Teledyne Judson Technologies) 
 
The operation of the photodiode with 15ML InAs/12ML GaSb 
superlattice was further evaluated near room temperature. Fig. 2.10 (a) 
illustrates R0A plotted against 1000/T for the device.  As shown in the figure, 
an activation energy of about 110 meV can be extracted from the slope of the 
curve at a temperature near 240K.  It is about 30% smaller than the superlattice 
bandgap, which is about 150 meV measured around this temperature. This 
implies that near this temperature, the dark current was mainly dominated by 
the carrier diffusion mechanism [27]. Carrier generation-recombination (G-R) 





cm2 at 210K. Therefore the resulting 6.0 μm Johnson-noise-limited 
detectivity at this temperature was 1.2108 cmHz1/2/W. Figure 2.10 (b) 
illustrates the Johnson-noise-limited detectivity of the photodiodes as a 
function of temperature at a wavelength of 6.0 μm. 
 
 
                                                         (a) 
Figure 2.10: Temperature dependence of the (a) resistance area product (R0A) for a typical 
photodiode with 15ML InAs/12ML GaSb superlattice. Activation energy Ea of 110meV 







                                                         (b) 
Figure 2.10: Temperature dependence of the (b) Johnson-noise-limited detectivity (D*) at 
6.0 μm for a typical photodiode with 15ML InAs/12ML GaSb superlattice.  
    
Fig. 2.11 depicts the spectral responsivity at 6.0 μm and the 50% cutoff 
wavelength of the superlattice photodiode with 15ML InAs/12ML GaSb 
superlattice, both as functions of temperature from 80K to 280K. As the 
temperature was decreased, a blue shift of the 50% cutoff wavelength was 
observed, which corresponded to the reduction of the energy gap of the 
superlattice. The responsivity at 6.0 μm decreased exponentially as the 
reciprocal temperature was decreased above 160K, and the curve can be fitted 





The resulting activation energy was 126 meV, close to the measured 
superlattice bandgap and was consistent with the previous activation energy 
from the Arrhenius plot of R0A. The spectral response curves for this 
unoptimized and unpassivated device were measurable at temperatures up to 
280K and 50% cutoff wavelengths up to 8.6 μm, making this device very 
promising for mid and long infrared wavelength range applications. 
 
 
Figure 2.11: Spectral responsivity at 6.0μm and 50% cutoff wavelength as functions of 








Type-II InAs/GaSb superlattice IR detectors with various spectral ranges 
were grown by solid-source MBE. Two superlattice structures with 15 ML 
InAs/12ML GaSb and 17ML InAs/7ML GaSb were demonstrated. The XRD 
measurements demonstrated that both InAs/GaSb superlattices exhibited 
excellent material and interface qualities with the FWHM of the 0th-order 
peak at 20 arcsec for both superlattices. The 50% cutoff wavelengths at 80K 
of these two structures were measured to be 6.6 μm and 10.2 μm, respectively. 
A zero bias Johnson-noise-limited D* of 1.21011 cmHz1/2/W was achieved at 
80K and 6 μm for unpassivated photodiodes with 15ML InAs/12ML GaSb 
superlattice, while a zero bias Johnson-noise-limited D* of 2.21010 
cmHz1/2/W was achieved at 80K and 9 μm for unpassivated photodiodes with 
17ML InAs/7ML GaSb superlattice. The operation of the photodiode with 
shorter cutoff wavelength was investigated up to 280K, which is near room 
temperature.  The 6 μm zero bias Johnson-noise-limited D* of this photodiode 
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Effects of substrate orientation on 
the growth of InAs and InSb 




Self-assembled quantum dots (QDs) have attracted considerable 
attention in recent years for applications in optoelectronic and single-electron 
devices [1-4]. InAs and InSb quantum structures are appealing candidates for 
high performance mid-infrared nano-photonic devices given their narrow 
bandgap [5-9]. In order to achieve meaningful device efficiencies in these 





11]. Molecular beam epitaxy (MBE), due to its capability for precise control 
at the atomic level in crystal growth processes, has spurred a worldwide 
research effort to understand, improve, and exploit the properties of 
nanostructures such as quantum dots. By precisely monitoring growth 
conditions such as substrate temperature, beam flux rate and flux ratios 
between different elements engaged in the reaction, MBE allows for very 
detailed studies of the processes involved in nanostructure formation.  
 
 
(a)                                                             (b) 
Figure 3.1 (a) RHEED pattern of MBE growth on (100) surface from 2D to 3D transition 
(b) atomic surface structure of ideal (411) of III-V group crystal is 19.5 degree to the (100) 
orientation. 
 
It has been observed that when the MBE growth process of AlAs films 
on (100) substrates leads to a transition from 2D to 3D, a reflection high 





a facet angle measured at 19.5 degrees to the (100) surface, as shown in Fig. 
3.1(a) [12]. This angle is exactly that of the (411) surface relative to the (100) 
surface as shown in the schematic atomic surface structure of III-V group 
crystals, Fig. 3.1 (b). This experimental discovery cannot be predicted by any 
ab initio calculations [13-16]. It suggests that the (411) orientation evolves 
naturally as a stable facet and may have a significant impact on nanostructure 
growth. To date, most work has involved MBE growth of QDs on (100) 
orientated substrates [17, 18]. Minimal data is available for growth of QDs on 
other orientated surfaces. In order to investigate the effects of substrate 
orientation on the MBE growth of nanostructures, InAs and InSb 
nanostructures were grown on (100), (311), (411), and (511) oriented GaAs 
and GaSb substrates, respectively. Atomic force microscopy (AFM), 
photoluminescence (PL), and RHEED measurements were used to 
characterize the results of the film growth. 
3.2 Experiments  
Nanostructure growth was carried out in a Gen II MBE system. To 
avoid contamination from other resident elements in the growth chamber, the 
base vacuum pressure of the chamber was kept as low as 10-10 torr.  Growth 





oscillation before growth, so that the beam flux of each reactant could be 
controlled very precisely. Substrate temperature was determined by infrared 
pyrometers calibrated at 530C and 580C; these are the desorption 
temperatures of GaSb and GaAs oxides respectively. Before being transferred 
to the growth chamber, GaSb and GaAs substrates were heated up to 300C 
in a buffer chamber and kept at this temperature for a number of hours until 
the pressure decreased to below 10-9 torr, thereby ensuring that the substrates 
would be clean. To desorb the thin oxide layer, GaSb and GaAs substrates 
were heated in the growth chamber to 530C and 580C, protected in a Sb-
rich and As-rich environment, respectively until RHEED patterns appear clear 
and streaky. In order to achieve a flat surface for nanostructure growth, a 1µm 
buffer layer of GaSb and GaAs was grown at a substrate temperature of 490C 
and 580C, respectively. Since (100), (311), (411), and (511) orientations 
have different atomic surface structures, growth conditions have been 
investigated and optimized for each orientation.   
It was found that InAs needs a higher beam flux ratio of In to As (as 
compared to the ratio of Ga to As in GaAs) to grow a high quality surface via 
MBE; the optimal growth temperature for the (411) orientation is 20C higher 





hyper-flat surface. Consistently, when a GaSb buffer is grown at 490C, the 
RHEED pattern is weak and spotty as shown in Fig. 3.2 (a), but after the 
growth temperature is increased to 510C, the RHEED pattern quickly 
becomes bright and streaky as shown in Fig. 3.2(b). In order to explain why 
the optimum growth temperature of (411) was higher than that of the other 
substrate orientations, a new model was proposed for the (411) atomic surface 
structure [16]. Taking GaSb as an example, (411) is not a fundamental surface, 
instead it is a combination of the (311) and (511) surfaces, which are localized 
as illustrated in Fig. 3.3.  
 
 










Figure. 3.3: Atomic surface structures viewed from the [1, -1, 0] direction for a (411) GaSb 
surface grown at the conventionally used substrate temperature of 490C. It can be seen 
that this has localized (311) and (511) surfaces. For comparison, we show an atomic surface 
grown at 510C which transitions to a (411) global super flat atomic surface. 
 
At the conventional growth temperature of 490C for GaSb, atoms do not have 
enough energy to break the barrier of the (311) and (511) local surface 
boundaries; this results in a spotty and weak RHEED pattern. At the higher 
growth temperature, 510C, we show that atoms have high enough energy to 
overcome the energy barrier so that local (311) and (511) surfaces can 





remain at this stable state. After a buffer layer is grown, both InAs and InSb 
QDs were grown at a very low rate of 0.1ML/s at 400C. In these experiments, 
in-situ RHEED was utilized to monitor the process during MBE growth. 
Atomic force microscopy (AFM) measurements and photoluminescence (PL) 
at 77K were conducted immediately after MBE growth to avoid any 
significant impact of surface oxidation. 
3.3 Results and discussion 
The results of AFM measurements on InSb samples are displayed in 
Figure 3.4.  The average nanostructure density is 9.0109 cm-2 on (411) surface, 
compared to 5.1109 cm-2 on (100), 2.2109 cm-2 on (311) and 2.8109 cm-2 on 
(511). As can be observed, the nanostructure density is much higher when 
they are grown on the (411) oriented surface than on others. From the atomic 
surface structure point of view, the (411) orientation is a combination of (311) 
and (511). Figure 3.5 shows the atomic structure of (311) and (511). It is well 
known that the (311) surface has the highest density of single-dangling bonds, 
a property that is, greatly favorable for III-V material growth as it reduces the 
amount of impurities incorporated during MBE growth [19, 20] and results in 
sharp, smooth interfaces in GaAs/AlAs superlattice structures [21]. On the 





step-propagation growth mode of MBE [22]. It is beneficial to utilize (411) 
orientation to combine the advantages obtained from both the (311) and (511) 
orientations. This mechanism may explain the experimental results from 
nanostructures grown on the (411) orientation with high density, uniform size, 
and low defect density. It further suggests that the (411) orientation is 
favorable for nanostructure growth with high quality. 
 
 










Figure 3.6: 3D images of InSb quantum dashes grown on the (311) GaSb surface. 
 
We also find that the arrangement of nanostructures is that of a dot-like 
shape on the (100) and (411) surfaces, but a dash-like shape on the (311) and 





have a square base, but InSb nanostructures grown on the (311) and (511) 
orientations exhibit a quantum dash (QDH) shape.  InSb QDHs on GaSb (311) 
align in the same direction, as shown in Fig. 3.6, and this QDHs averages 170 
nm in length, 60 nm in width, and 20 nm in height. The difference in 
nanostructure shape indicates the effect of surface orientation on the 
nanostructure development during MBE growth.  
 
Figure 3.7: PL from InAs quantum dots grown on GaAs (100), (311), and (411) orientated 
surfaces. 
 
Very consistently in our series of studies, InAs QDs grown on the (411), 
(100), and (311) GaAs surface have shown the same results: namely, (411) 
has much higher QDs density and greater uniformity than (100), (311), and 
orientations, as shown in Fig. 3.7. PL measurements on InAs nanostructures 





show the PL intensity from quantum dots on GaAs (411) is much stronger 
than the signal from other GaAs substrates, though it is  much broader and 
consists of 4 peaks from different modes that relate to different nanostructure 
sizes. The fine structure of PL peaks from nanostructures grown on (100), 
(311), and (411) is similar, but the intensity is very different: the strongest PL 
intensity measured from quantum dots is on the (411) surface. The result 
agrees with the AFM results that show highest quantum dot density achieved 
on surface in (411) orientation.  
 
Figure 3.8: InAs quantum dashes grown on GaAs (511) surface with self-aligned patterns. 
 
 
Among the various orientations studied, atomic surface structure has 
the longest terrace on crystal surfaces in the (511) orientation. With optimized 
growth conditions, such as lower beam flux ratios of As to Ga during buffer 





into large-scale terraces of tens to hundreds of nanometers. This is comparable 
to the dimension of nanostructures so that maximal enhancement can be 
expected on nanostructure alignment. We observed this self-alignment pattern 
from InAs quantum dashes grown on the (511) orientation, as Figure 3.8’s 
AFM data shows with arrows. Some dashes are extra-large in size, ~10 times 
larger than the majority of InAs quantum dashes on the (511) surface, not like 
what was measured from nanostructures gown on (100) (311) and (411) 
surfaces where it is believed that few large-scale terraces developed during 
buffer layer growth. The atomic surface structure with terraces and steps 
discussed above (shown in Figure 3.9(a)) and the probable interaction 
between terrace structure and nanostructure alignment is shown schematically 
in Figure 3.9 (b); this helps in understanding the enhancement of this 
alignment. No clear alignment patterns are observed from nanostructures 
grown on surfaces in the (100) and (311) orientations, whose atomic surfaces 
have no terrace structure, and neither on the (411) orientation that has 
combination of (311) and (511) atomic surface structures, hard to develop 







Figure 3.9: (a) Atomic surface structure of the (511) orientation (left) and (b) diagram of 
terrace and step structures on GaAs buffer layer that enhance nanostructure alignment 
(right).   
 
3.4 Conclusion  
InSb and InAs nanostructure growth on crystal surfaces in different 
orientations of (100), (311), (411), and (511) has been investigated. It is 
observed that (411) is a naturally favorable orientation for achieving a hyper-
flat surface for nanostructure growth, as studied by RHEED, AFM, and PL 
measurements. InSb and InAs quantum dots on GaSb (411) and GaAs (411) 
surfaces, respectively, have higher density and greater uniformity than 
nanostructures grown on other orientated surfaces of (100), (311), and (511). 





able to develop during MBE growth; this suggests an enhancement of surface 




















1. P. V. Kamat, J. Phys. Chem. Lett., 4, 908, (2013) 
2. Y. Arakawa and H. Sakaki, Appl. Phys. Lett. 40, 939 (1982). 
3. A.P. Alivisatos, Science, 271, 933 (1996). 
4. T. D. Ladd, F. Jelezko, R. Laflamme, Y. Nakamura, C. Monroe, and J. L. 
O’Brien, Nature 464, 45, (2010) 
5. B. R. Bennett, R. Magno and B. V. Shanabrook, Appl. Phys. Lett. 68, 505 
(1996) 
6. N. Bertru, O. Brandt, M. Wassermeier and K. Ploog, Appl. Phys. Lett.68, 
31 (1996). 
7.  C.J. Hill, A. Soibel, S.A. Keo, J.M. Mumolo, D.Z. Ting and S.D. 
Gunapala,   Electronics Letters, 46, 1286 (2010) 
8. P.J. Carrington, V.A. Solov’ev, Q. Zhuang, S.V. Ivanov, and A. Krier,   
Microelectronics Journal, 40, 469 (2009) 
9. S. M. Sze and K. K. Ng, Physics of Semiconductor Devices, 3rd ed. 
(Wiley & Sons, New Jersey, 2006). 
10. P. Martyniuk, A. Rogalski, Prog. Quant. Elctron. 32 89 (2008) 
11. A. Rogalski, Opto. Elctron. Rev. 20 3 (2012) 





13. S. Shimomura, A. Wakejima, A. Adachi, Y. Okamoto, N. Sano, K. 
Murase, and S. Hiyamizu, Jpn. J. Appl. Phys., Part 2 32, L1728 (1993). 
14. S. Hiyamizu, S. Shimomura, A. Wakejima, S. Kanedo, A. Adachi, Y. 
Okamoto, N. Sano, and K. Murase, J. Vac. Sci. Technol. B 12, 1043 
(1994). 
15. K. Shinohara, S. Shimomura, and S. Hiyamizu, Jpn. J. Appl. Phys., Part 
1  38, 5037 (1999). 
16. W. Li, C. Pei, A. Torfi, D. Moscicka, and W. I. Wang, J. Vac. Sci. Technol. 
B 25, 1533 (2007). 
17. P M. Petroff and S. P. DenBaars, Superlattices and Microstructures, 15, 
15 (1994). 
18. N. Deguffroy, V. Tasco, A. N. Baranov, E. Tournié, B. Satpati, A. 
Trampert, M. S.   Dunaevskii, A. Titkov and M. Ramonda, J. Appl. Phys. 
101, 124309 (2007) 
19. W. I. Wang, R. F. Marks, and L. Vina, J. Appl. Phys. 59, 937 (1986). 
20. W. I. Wang, E. E. Mendez, T. S. Kuan and L. Esaki, Appl. Phys. Lett. 47, 
826 (1985). 
21. Y. Hsu, W. I. Wang, and T. S. Kuan, Phys. Rev. Lett. 50, 4973 (1994). 









Selective area growth of InAs on InP 
with a dielectric mask 
 
4.1 Introduction 
InP-based devices have been studied in recent years due to the 
advantage of InP-based technologies for high frequency device applications 
[1, 2]. A key enabler for the high frequency operation of InP-based 
heterojunction bipolar transistors (HBTs) and high electron mobility 
transistors (HEMTs) is the availability of   low resistance ohmic contacts. As 
shown in Figure 4.1, HBTs and HEMTs incorporate multiple metal to 
semiconductor contacts (three in the HBT case and two in the HEMT case), 





operating speeds. In their paper [3], Rodwell et al. point out that device 
operating bandwidth scales inversely with device contact resistance (i.e., a 
two-fold increase in operating bandwidth necessitates a factor of four 





                                                              (b) 







  In InP-based heterostructure devices and circuits, it is necessary to 
make ohmic contacts to the wide bandgap InAlAs through InGaAs (Fig. 4.1 
(a) emitter and cap) and ultimately the narrow bandgap of InAs [6], especially 
for small devices where most of the device area is covered with dielectrics [7-
9]. In Fig. 4.1 (a), InAlAs or InP are used as emitter materials and InGaAs is 
used as both a cap layer and contact with the metal; this is the most widely 
used method to form ohmic contacts for wide bandgap materials. In this case, 
however, the Fermi-level will be pinned below the conduction band, creating 
a Schottky barrier on the surface [10, 11] as shown Fig. 4.2. 
 
 
Figure 4.2: Band bending diagram for surface of InGaAs and metal. Adapted from 






Woodall et al. first proposed the use of n-InAs as the low resistance 
ohmic contact to n-GaAs because InAs has a narrow band-gap and, for this 
material combination, Fermi-level pinning occurs in the conduction band [13]. 
 
Figure 4.3: Band bending diagram for various semiconductor and metal interfaces (a) 
metal on n-GaAs, (b) metal on n-InAs, (c) metal on n-InAs/n-GaAs and (d) metal on n-






Figure 4.3 shows band bending on the surface of a metal/semiconductor 
junction and at a hetero-junction. The metal/n-InAs contact shown in Fig. 
4.3(b) makes an ohmic contact where there is no potential barrier experienced 
in moving across the metal/semiconductor junction. In this situation, 
tunneling is not required and low resistance contacts can be achieved. A later 
experiment completed by T. Nittono et al., used an InAs/graded InxGa1-xAs 
structure as a means to achieve low contact resistance [14]. 
In addition to the study of non-alloyed ohmic contacts using 
compositionally graded InGaAs layers on GaAs substrates, the use of InAs as 
a cap layer of InP-based devices has gained attention due to the high-speed 
characteristics of the InP based system [6, 12, 15]. In this thesis work, 
selective area crystal growth of InAs on a dielectric (BCB polymer)-covered 
InP(100) substrate, hereafter known as BCB/InP, was carried out by 
molecular beam epitaxy (MBE). We compare the results with those of 
previous studies of InAs emitter contact layers for the InP material system [6, 
16]. Research was performed to compare the contact resistance of InAs 
directly grown on InP substrate and contrast with InAs grown on BCB/InP. 
Additionally, the crystal quality of the InAs films was characterized by 





To optimize the crystal quality of InAs, different growth temperatures 
were tested. For low-resistance ohmic contacts to InP-based devices, Si-doped 
InAs has been previously studied due to its low vapor pressure and 
cleanliness, making it ideal to use in MBE vacuum chambers. In published 
literature, silicon has been predominantly used as the only dopant for such 
devices [17, 18]. However, as a dopant, Si (group IV) is known to self-
compensate in the high 1 × 1018 cm-3 range [19, 20]. In contrast, group VI 
elements (e.g., Te) only occupy group V lattice sites and do not self-
compensate. In order to achieve the lowest possible resistivity of InAs,  heavy 
doping of InAs using Te (from a GaTe dopant cell) was also carried out in a 
GEN II MBE system to determine the dopant concentration corresponding  to  
lowest sheet resistance [13, 21]. For substrate temperatures between 250  
and 350 , the crystallinity and surface morphology improved from 
polycrystalline to single crystal with a sharper X-ray linewidth. However, at 
around 290 , a trade-off was reached between crystallinity and optimized 
dopant incorporation of Te into InAs for lowest sheet resistance. The results 
presented in the next section, indicate that using InAs: Te as an emitter contact 







Selective area crystal growth of InAs on BCB/InP and direct growth of 
InAs on InP substrates was carried out in a GEN-II MBE system. Direct 
growth of a 500 nm InAs film on an InP substrate was performed, varying the 





Figure 4.4: (a) Schematic drawing of selective area growth of InAs on BCB/InP, (b) HBT 
layout and the overgrowth of InAs on the emitter window. 
 
 
For selective area crystal growth of InAs on BCB/InP (Fig. 4.4 (a)), an 





spin-on process, after which an opening for the ohmic contact region (the 
emitter area region in HBTs, Fig 4.4 (b)) was defined by photolithography and 
chemical etching. The BCB-covered InP substrate was then annealed at 400 
 before it was loaded into the MBE chamber for the overgrowth of InAs, the 
emitter contact [13, 21, 22]. Again, the growth temperatures were varied from 
150  to 350  to determine the optimal growth temperature, which was 
revealed by the crystal quality of InAs.  InAs structures were grown at 
different temperatures; the surface morphologies were characterized by SEM 
and the crystal structures were characterized by XRD. Heavily Te-doped InAs 
on InP was also prepared to determine the lowest sheet resistance. Sheet 
resistances of InAs:Te were measured using the standard transmission-line 
measurements for optimum substrate temperature [23]. The effect of substrate 
temperature on electron density and mobility of InAs:Te layers was 
investigated with Hall measurements. 
 
4.3 Results and discussion  
Figure 4.5 (a) shows the X-ray diffraction pattern of InAs grown on 





pairs were higher order Bragg diffraction peaks, indicating that the single 







Figure 4.5: (a) X-ray diffraction patterns of InAs grown on InP(100) substrate at 350  . 
From left to right: the first order (400) diffraction peaks and two pairs of higher order peaks, 
(b) XRD of InAs on InP(100) and InAs on a dielectric-covered InP(100) at substrate 





Figure 4.5 (b) shows the XRD curves of InAs on InP and InAs on BCB/InP 
grown at different substrate temperatures. As shown by the XRD curves, the 
InAs grown on InP was crystalline at substrate temperatures above 260 . 
The 3.3% lattice-mismatch (extracted from peak angle) indicated the InAs 
epilayer was fully relaxed and the lattice constant was equal to the bulk value. 




Figure 4.6: SEM photos of InAs overgrowth on InP at (a) 300 , (b) 250 , (c) 150 , 
and InAs on dielectric at (d) 300 , (e) 350 . 
 
Smooth surface morphology is desired for the fabrication of ohmic 
contacts. SEM photos of InAs grown on InP and on dielectrics at different 
substrate temperatures are shown in Fig 4.6. The surface morphology became 





covered InP, the surface morphology became rougher as the temperature was 
increased.  
Figure 4.7 shows the sheet resistances of InAs on InP substrate and on 
BCB/InP layer at different growth temperatures. The two curves indicate that 
the sheet resistance of InAs on InP increased sharply at temperature below 
275 , and the sheet resistance of the InAs layer on the dielectric (BCB) was 
higher than that on InP at the temperatures the two had in common. 
Furthermore, heavily Te-doped InAs was also deposited on InP. As the 
substrate temperature approaches 250 , the InAs:Te transitions into a more 
crystalline state in Fig 4.8.  
 
 







Figure 4.8: XRD of InAs:Te grown at substrate temperatures of 210  and 250 , 
indicating that as the substrate temperature was increased, the crystallinity was improved 
to a single crystal. 
 
The result of Hall measurements is shown in Fig 4.9. Variations in the 
substrate temperature affected electron density and mobility of heavily Te-
doped InAs layers. At a temperature of around 290 , maximum carrier 
density and mobility were achieved, indicating very low resistance [16]. 
Figure 4.10 shows the effect of substrate temperature on sheet resistance. For 
the lowest sheet resistance, 290  was the optimal substrate temperature for 



















4.4 Conclusion  
Through experimentation with selective area crystal growth of InAs on 
BCB polymer-covered InP and direct overgrowth of InAs on InP, it was 
determined that crystalline InAs on InP was achieved at a substrate 
temperature above 260 . However, the InAs was not crystalline on BCB/InP 
at all temperatures. For InAs direct overgrowth on InP, the single crystal InAs 
was oriented in the (100) direction, conforming to the InP(100) substrate, 
which indicated that the 3.3% lattice-mismatch was relaxed without 
misorientation. The sheet resistance of InAs on the dielectric was much higher 
than that on InP at temperature above 275 . A substrate temperature of 290 
 was optimal for the InAs:Te layer to exhibit the lowest sheet resistance and 
best crystal quality. The results indicate the potential of Te-doped InAs as an 
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Improvement of GaAsSb alloys on 
InP grown by molecular beam 
epitaxy with substrate tilting 
 
5.1 Introduction 
GaAsSb ternary alloys, lattice-matched to InP substrates, are 
potentially important for various electronic and optoelectronic device 
applications due to the unique band alignment of GaAsSb/InP [1-3]. In 
contrast to the conventional InAlAs/InGaAs and InGaAs/InP hetero-junctions 
with a much larger conduction band offset [4-6], the smaller conduction band 
offset of GaAsSb/InP is more favorable for high speed device operation. This 





reduce the operation frequency [7-9]. However, GaAsxSb1-x(x~0.5) alloys 
exhibit a miscibility gap which poses a challenge for crystal growth. Presently, 
only non-equilibrium techniques such as metalorganic chemical vapor 
deposition (MOCVD) and molecular beam epitaxy (MBE) have successfully 
grown GaAsxSb1-x layers over the entire range of x values [10, 11]. Previously, 
when GaAsSb was used as the base terminal of HBTs on InP substrates, it is 
noted that the films were almost exclusively grown by MOCVD [12-14]. 
MBE is expected to offer significant advantages due to being further away 
from equilibrium growth than MOCVD. Following up on previous studies [9, 
15], MBE was employed in this work to study the growth and doping of 
GaAsSb alloys, lattice-matched to InP. The (100) orientation of the InP 
substrates has been used widely in previous research on GaAsSb, however, it 
is well-established in crystal growth theory that step-edges play an important 
role for adatom nucleation and epitaxial growth. Cho et al. initiated studies of 
MBE growth on different substrate orientations with emphasis on the (100) 
and (111) surfaces [16, 17]. By mis-orienting substrates, the optical and 
electrical properties of the epitaxial layers grown on GaAs surface are 
improved [18, 19]. In respect to prior findings [15-21], an investigation of the 
effect of substrate tilting of the InP(100) orientation on  alloy uniformity and 





GaAsSb alloys grown on InP(100) substrates by MBE on-axis and on 
InP (100) substrates tilted toward (111)A  by 2°, 3°, and 4°  were characterized 
by X-ray diffraction (XRD) for crystallinity assessment and 
photoluminescence (PL) for optical and crystalline quality determination. The 
development of peaks in X-ray rocking curves of 1µm GaAsSb epi-layers 
grown on off-axis InP substrates indicated that substrate tilting improved the 
crystalline quality.  A strong peak in the PL spectra for 1 µm GaAsSb on 2° 
off-axis InP (100), with a FWHM of 21meV, indicated the good crystalline 
quality of the epi-layer, and it also demonstrated that there was no alloy-
clustering [22, 23]. Moreover, the FWHM of the XRD pattern of GaAsSb with 
a thickness of 2 µm grown on 2° off axis InP substrate was 116 arcsec. To the 
best of the authors’ knowledge, this is narrowest ever reported for GaAsSb 
films grown on InP [15, 26]. Lastly, beryllium was used for the p-type doping 
of GaAsSb for transmission-line measurement (TLM) studies. The results 
indicate that substrate tilting improved the crystallinity of the grown GaAsSb 
alloy. The above results are expected to be applicable to devices incorporating 









Various GaAsxSb1-x(x~0.5) alloy films with a thickness of 1µm were 
grown on an InP(100) substrate on-axis as a control, and also on InP(100) 
tilted toward (111)A by 2°, 3° and 4° off axis. In addition, GaAsxSb1-x(x~0.5) 
alloy films with a thickness of 2µm were grown on 2° off-axis InP(100). All 
crystal growth was achieved using the GEN-II MBE system. Due to the 
competition for group V lattice sites, both As dimer and Sb dimer fluxes have 
to be carefully regulated to achieve precise compositional control [26]. The 
substrate temperature was kept constant, at 460  during growth. The 
material properties of GaAsSb epitaxial layers were characterized by XRD 
and PL measurements. Low-temperature PL was performed using the 514.5 
nm line of an Ar-ion laser, a Fourier transform infrared (FTIR) spectrometer, 
and a liquid nitrogen-cooled InSb detector. MBE films were also prepared to 
study the effect of substrate tilting on sheet resistance of GaAsSb alloy 
samples. For the p-type  GaAsSb, beryllium was used as a dopant at acceptor 
doping levels of 3.0×1019 cm-3 and 5.0 ×1019 cm-3. The sheet resistances of 
GaAsSb:Be grown on InP(100) substrates titled toward (111)A by 0°, 2°, 3° 






5.3 Results and discussion 
GaAsSb alloys with a thickness of 1 µm were grown on InP(100) and 
off-axis InP substrates (2°, 3°, 4° off axis) were characterized by XRD as 
shown in Fig. 5.1.  In this figure, the peaks of X-ray rocking curves of GaAsSb 
epilayers on off-axis InP substrates (2°, 3°, 4° off) were more obvious than that 
on InP(100), indicating that the crystalline quality was improved by substrate 
tilting.  Due to fluctuations of As dimer and Sb dimer fluxes, there were very 
minute differences in the alloy composition of GaAsxSb1-x(x~0.5) epilayer, as 
shown by multiple peaks of epilayers on off-axis InP substrates in XRD data 
of Fig. 5.1.  
Figure 5.2 shows the PL spectra of GaAsSb on InP samples under a 
pump power density of 1 W/cm2 at 77K. The linewidth of PL can be used to 
judge the degree of the GaAs and GaSb alloy clustering and of the miscibility 
gap. The strong peak of GaAsSb on 2° off-axis InP(100), with a FWHM of 21 
meV, indicates good crystalline quality of the GaAsSb ternary alloy on 2° off 







Figure 5.1: X-ray diffraction (XRD) of 1µm GaAsSb epi-grown on InP (100) and 2°, 3°, 









Figure 5.2: The photoluminescence spectra of GaAsSb on InP at 77 K. 
 
The XRD pattern of GaAsSb with a thickness of 2µm grown on 2° off-
axis InP substrate (Fig. 5.3) shows an improved material quality of the 
epilayer. In Fig. 5.3, the FWHM of epilayer peak was 116 arcsec. To the best 
of the author’s knowledge, this is the narrowest ever reported for GaAsSb 
films grown on InP substates. Figure 5.4 shows the sheet resistance of 
GaAsSb:Be grown on InP(100) and off-axis InP substrates. In this figure, the 
lowest resistance was achieved on GaAsSb grown on 2° off-axis InP. The 
improved electrical property is caused by more efficiently incorporated Be 





2° off-axis tilted substrates [18-21].  The results are expected to be applicable 
in devices that incorporate GaAsSb in the active layer grown by MBE. 
 
Figure 5.3: X-ray diffraction (XRD) of 2µm GaAsSb grown on 2° off-axis InP substrate, 
exhibiting a FWHM of 116 arcsec. 
 
 
Figure 5.4: Sheet resistance of GaAsSb with Be doping of 3.0×1019 cm-3   and 5.0 ×1019 







GaAsxSb1-x(x~0.5) alloys on InP(100) substrate and on InP(100) tilted 
toward (111)A by 2° , 3° and 4° off axis were grown by MBE. The XRD of 
GaAsSb grown on 2° off-axis InP(100) substrate exhibited a FWHM of 116 
arcsec, which is the narrowest ever reported, indicating superior crystal 
quality. The PL spectra of GaAsSb on 2°off-axis InP(100) with FWHM of 21 
meV indicated good optical quality. For Be-doped GaAsSb epilayer, the 
lowest resistance was achieved for growth on 2° off-axis InP(100) substrates. 
Substrate tilting can contribute the higher crystal quality and doping 
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The thesis discussed III-V materials grown by MBE for electronic 
devices used in communications and for devices with IR applications. The 
first part of this thesis focused on infrared applications. Fabrication and 
characterization of type-II InAs/GaSb superlattice IR detector devices and the 
effect of substrate orientation on InSb and InAs nanostructure morphology 
were both investigated. The second part of this thesis focused on InP-based 
heterojunction bipolar transistors (HBTs). A low resistance InAs ohmic 
contact for high speed transistors was demonstrated along with a study of the 
crystalline quality in GaAs0.5Sb0.5 films grown on tilted- axis InP substrate.  
Chapter 2 presented Type-II InAs/GaSb superlattices grown by MBE 





with 15 ML InAs/12ML GaSb and 17ML InAs/7ML GaSb were demonstrated. 
The X-ray diffraction (XRD) measurements demonstrated that both 
InAs/GaSb superlattices exhibited excellent material and interfacial qualities 
with a FWHM for the 0th-order peak of 20 arcsec for both superlattices. The 
50% cutoff wavelengths at 80K of these two structures were measured to be 
6.6 m and 10.2 m, respectively. A zero bias Johnson-noise-limited D* of 
1.21011 cmHz1/2/W was achieved at 80K and 6 m for unpassivated 
photodiodes with 15ML InAs/12ML GaSb superlattice, while a zero bias 
Johnson-noise-limited D* of 2.21010 cmHz1/2/W was achieved at 80K and 9 
m for unpassivated photodiodes with 17ML InAs/7ML GaSb superlattice. 
The operation of the photodiode with shorter cutoff wavelengths was 
investigated at temperatures up to 280K, which is near room temperature.  The 
6 m zero bias Johnson-noise-limited D* of this photodiode was 1.2108 
cmHz1/2/W at 210K. 
Chapter 3 of this thesis addressed the effects of substrate orientation on 
the growth of InAs and InSb quantum dots by MBE. Two sets of quantum 
dots (InSb, InAs) were grown in a series of orientations: (100), (311), (411), 
and (511). We found that growth of InSb and InAs nanostructures on the (100) 
surface gives a typical dot-like shape; on (311) and (511) surfaces 





achieved on the (411) surface as compared to the other orientations studied. 
This suggests that the (411) surface is superior in MBE growth to develop a 
hyper-flat buffer, and that this is naturally favorable for quantum-dot growth. 
Among all substrate orientations investigated in this work, strongest 
photoluminescence (PL) was measured from InAs nanostructures grown on 
(411) suggesting that higher density, more uniform nanostructures are grown 
on surfaces in (411) orientation. Self-aligned patterns of nanostructures are 
observed in the (511) orientation, which can be explained by the atomic 
surface structure of a high index orientation like (511) occurring with larger 
atomic terraces. During buffer layer growth, these terraces probably grow tens 
to hundreds nanometers; that is large enough to enhance nanostructure 
alignment.  
The second part of this thesis consisted of Chapters 4 and 5 which are 
related to InP transistor. In Chapter4, the author studied the use of an InAs 
layer as the low-resistance ohmic contact to InP-based devices. Selective area 
crystal growth of InAs on a dielectric (Benzocyclobutene, BCB polymer)-
covered InP(100) was carried out by molecular beam epitaxy (MBE). 
Additionally, direct growth of InAs on InP substrates was performed to allow 
comparisons with InAs grown on BCB-covered InP. Through 





polymer-covered InP and direct overgrowth of InAs on InP, it was determined 
that crystalline InAs on InP was achieved at a substrate temperature above 
260 . However, the InAs was not crystalline on BCB/InP at all temperatures. 
For InAs direct overgrowth on InP, the single crystal InAs was oriented in the 
(100) direction, conforming to the InP(100) substrate, which indicated that the 
3.3% lattice-mismatch was relaxed without misorientation. The sheet 
resistance of InAs on the dielectric was much higher than that on InP at 
temperature above 275 . A substrate temperature of 290  was optimal for 
the InAs:Te layer to exhibit the lowest sheet resistance and best crystal quality. 
The results indicate the potential of Te-doped InAs as an emitter contact for 
InP-based high frequency devices. 
Chapter 5 discussed the improvement of GaAsSb alloys on InP grown 
by MBE with substrate tilting. GaAsxSb1-x(x~0.5) alloys on InP(100) substrate 
and on InP(100) tilted toward (111)A by 2° , 3° and 4° off axis were grown 
by MBE. The XRD of  GaAsSb grown on 2° off-axis InP(100) substrate 
exhibited a FWHM of 116 arcsec, which was the narrowest ever reported, 
indicating superior crystal quality. The PL spectra of GaAsSb on 2°off-axis 
InP(100) with FWHM of 21 meV indicated good optical quality. For Be-





off-axis InP(100) substrates. The results are expected to be applicable to 
devices which incorporate GaAsSb in the active layer grown by MBE. 
Although the scope of this thesis was limited to providing only 
fractional views of the whole III-V compound semiconductor devices area, it 
provided enough references for interested readers to conduct further literature 
research in other aspects of III-V electronic and optoelectronic devices. It is 
the author’s hope that the thesis would convey to its readers the significance 
and potential of current electronic and optoelectronic devices in IR sensing 
and communication applications, utilizing various combinations of III-V 
materials grown by MBE. 
 
 
